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Abstract: ZnO:TM (TM=Sn, Mn, Al) thin films were successfully deposited on glass substrates using spray pyrolysis 
technique. X-ray analysis shows that ZnO:TM thin films crystallize in hexagonal structure with a preferred orientation of the 
crystallites along (002) direction and the crystallite size had increased with TM doping. The present study investigated the 
effect of TM type on the structural parameters. These films had direct band gap energy lying in the range of 3 – 2.25 eV and 
the average transmittance varied from 75 to 85 % with TM doping. The lowest observed figure of merit in the present study 
is 4.13×10-5 (Ω-1) for AZO thin films. All the optical expected absorption capacity and photocurrent (jph) depend on the TM 
type. The optical constants, such as the urbach energy, effective mass of the carriers (m*), refractive index (n) and extinction 
coefficient (k), were also evaluated. The AZO thin films exhibited the lowest resistivity (1.79 × 10-1 Ω cm).  




Throughout the past decade, transparent conductive oxides 
(TCO) have grabbed the attention of various researchers 
because of their intriguing properties. Zinc oxide (ZnO), as 
one of them, is II–VI compound semiconductor, with a wide 
band gap of 3.37 eV and high exciton binding energy of 60 
meV at room temperature [1].       
In addition their electro-optical properties, high electro-
chemical stability together with its natural abundance and 
non-toxicity [2] attracted their interest. They have been 
applied in several fields, such as optical bistability, 
spintronics and information technology devices including 
displays and wavelength selective applications [3, 4], UV-
light emitting diode [5], gas sensors [6], field effect transistor 
[7], piezoelectric devices [8] and solar cells [9]. Transition 
metals (TM) have been used as successful doping materials 
for ZnO. The metal doping effectively improves the 







nanostructures. Doping by metals, such as F, Cu, Ag, Ga, Al, 
In, Sn and Sb, is utilized to tailor the chemical, optical and 
the electrical properties of ZnO nanomaterials [10, 11]. 
Several methods including: thermal evaporation [12], gas 
condensation [13], hydrothermal synthesis [14], successive 
ionic layer adsorption [15], pulsed laser [16], chemical route 
[17], and spray pyrolysis [18, 19, 20] have been developed 
for the synthesis of zinc oxide systems.  
Numerous dopants are used in the present paper. A change 
in dopant is significant for changing the physical properties 
of the material. For example, the prepared TM (TM =Sn, Mn 
and Al) doped ZnO thin films by spray pyrolysis method 
with a 4 at% doping level to understand and identify their 
enhanced optical and electrical properties with TM type. We 
have chosen 4 at% doping of the transition metal content for  
TM = Al, Mn and Sn because a doping level higher than 4 
at% can change the structure of the material as well as the 
optical and electrical properties. 
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2 Experimental Details 
The samples of pure ZnO, 4 at% Sn-doped ZnO, 4 at% Mn-
doped ZnO and 4 at% Al-doped ZnO thin films (pure ZnO, 
TZO, MZO and AZO thin films respectively) were 
synthesized by spray pyrolysis technique onto microscope 
glass substrates of (75×25) mm2. Pure ZnO thin films were 
prepared through dissolving 0.1 M of the ZnCl2 powder in 
100 ml of deionized water. To synthesize 4 at% Al, 4 at% 
Mn and 4 at% Sn-doped ZnO thin films, aluminium, 
manganese and tin doping were accomplished by adding 0.1 
M aluminum chloride (AlCl3), 0.1 M manganese chloride 
(MnCl2) and 0.1 M tin chloride (SnCl2)  precursors into the 
solution, respectively. The substrate temperature was fixed 
at 350°C and controlled through a thermocouple (Chrome–
Nickel). Compressed air of pressure 2 bars has been used as 
a carrier gas. Solution flow was 8 ml/min and spray nozzle 
to heating plaque distance was fixed to 29 cm. Moreover, the 
prepared solutions were immediately sprayed to avoid any 
possible chemical changes with time.  
X-ray diffraction (XRD) patterns of the deposited films were 
recorded by Philips 1830 system using Cu Kα radiation 
(λ=1.546 Å) with 2θ in the range 25 – 65°. The optical 
measurements were carried out at room temperature in the 
wavelength range 250–2500 nm using an UV-Vis-NIR 
JASCO type V-570 double beam spectrophotometer. The 
electrical resistivity, carrier concentration and mobility were 
measured using an Automated Hall Effect System (ECOPIA 
HMS-5000) at room temperature and silver lacquer as 
contact. 
3 Results and Discussion 
3.1 Structural Properties 
 
Fig 1.A. shows the X-ray diffraction (XRD) patterns of pure 
ZnO, TZO, MZO and AZO thin films. The obtained XRD 
patterns are quite similar, indicating that the ZnO films does 
not change in crystalline phase with the all dopants. The pure 
ZnO and ZnO:TM films are polycrystalline in nature with 
the diffraction planes of (100), (002), (101), (102),(110) and 
(103) that correspond to the purely hexagonal wurtzite 
structure (JCPDS card no: 65-3411 with lattice parameters 
a=3.249A° and c=5.20 A° ). All the films exhibit strong 
orientation corresponding to (002) plane and confirmed the 
formation of stable hexagonal wurtzite crystal structure of 
ZnO. No other phase was detected, suggesting that the 
doping level of 4 at% is insufficient to allow the emergence 
of new phases. Moreover neither metallic Sn, Mn nor Al was 
observed in all the patterns exhibiting the successful 
dissolution of Sn, Mn and Al atoms into the crystal lattice of 
ZnO structure. Similar results were reported in the pieces of 
literature [23, 36]. Nevertheless, a slight shift of the (002) 
peak towards lower 2-theta degrees was observed (see Fig 
1.B). The full-width-at-half maximum (FWHM) of the (002) 
peak increases with TM doping indicating a local distortion 
of the lattice because of some residual stress inside the  
 
nanoparticles. The hexagonal network lattice parameters ‘a’ 
and ‘c’of the samples have been computed from the Bragg’s 













                       (1) 
Where d is interplanar spacing and (hkl) are the miller 
indices. The interplanar spacing dhkl values of pure and TM 
doped ZnO thin films were calculated using the Bragg 
equation [26]. Table (1) exhibits that the values of the lattice 
parameters (a and c) are consistent with those of the JCPDS 
card no: 65-3411. The lattice constant ( c ) of the TZO and 
MZO films increases with TM (Sn and Mn) doping 
indicating the substitutional incorporation of of Sn+2 and 
Mn+2 ions in the ZnO lattice system, which leads to the 
expansion of the lattice since the ionic radius of Sn2+ (0.93 
Å) and Mn+2 (0.80 Å) ions is larger than that of Zn2+ (0.74 
Å). A. Goktas et al. and F.Z. Bedia et al. [22, 23] reported 
similar results of  TM doped ZnO thin films grown by radio 
frequency magnetron sputtering and spray pyrolysis 
technique, respectively. On the other hand, compared to pure 
ZnO sample, c value slightly increases from 5.1768 A° to 
5.19 A° for AZO thin films, This may occur because of the 
interstitial incorporation of Al+3 for Zn+2 sites in the ZnO 
lattice system since the ionic radius Al+3 ion (0.53 Å) is 
smaller than that of Zn2+ (0.74 Å) suggesting that Al+3 ions 
could not substitutionally enter in ZnO structure [24]. 
Moreover, the increase in the c-lattice parameters after 4 
at.% Al doping occurs because the films are exposed to 
tensile strain along their c-axis. Furthermore, defects or 
incorporation of low amount of foreign atoms of 4 at% (not 
detected in XRD) may cause the change in the c values. 
 
Zn-O bond length (L) changes because of Zn ions substitute 
with TM ions. Zn-O bond length L and u (the displacement 
of an atom from its lattice site) in ZnTMO structure were 





/ + 𝑐7 ∗ (0.5 − 𝑢)7                            (2) 





                                                   (3) 
Where, c and a are lattice constants of ZnO films. According 
to Table 1, with TM incorporation, the locality of the atom 
and its displacement in ZnTMO structures exhibited a 
fluctuation tendency. Fig 2 depicted the variation of the 
lattice parameter (c) and Zn-O bond lengths (L) as function 
of TM doping. (c) lattice parameter and Zn-O bond length 
(L) showed an increment with TM incorporation. Stress and 
microstrain caused this fluctuation. 
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Fig. 1: XRD patterns of pure ZnO, TZO, MZO and AZO thin films. 
 
Fig.2: variation of (c) values and Zn-O bond lengths (L) in ZnO:TM structures. 
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The texture coefficient (TC) for the preferred orientation of 








                     (4) 
Where, I (hkl) is the measured relative intensity of a plane 
(hkl). I° (hkl) is the standard intensity of the plane (hkl) taken 
from the JCPDS data, N is the reflection number and ‘N’ is 
the number of diffraction peaks. The calculated texture 
coefficients TC are summarized in Table 1.  
A sample with randomly oriented crystallite yields TC (h k 
l) = 1, However, if this value is higher than unity, the 
abundance of grains orients along a particular plane. In the 
present study, TC (002) value is 3.98 for pure ZnO thin films 
indicating a preferred orientation. However, the TC (002) 
value reduces for TZO, MZO and AZO films with TM 
doping suggesting that more randomly oriented grains, 
which lead to the degradation in the crystal quality of the 
ZnO films, are formed. For more illustration of the effect of 
TM doping on the structure of the ZnO crystals grown by 
spray pyrolysis technique, the crystallite size was calculated 
for preferential orientations using Scherer’s equation. In 
addition, structural defects, such as micro-strain (ε), 
dislocation density (δ), stacking fault (α*) and Stress 
(𝜎∗)	were calculated using the following relations [26]: 
 
𝐷 = (0.9. 𝜆) (𝛽. 𝑐𝑜𝑠𝜃)⁄                          (5) 
ε = Z	.2[\	]
(
                                              (6) 
𝛿 = !
_&
                                                    (7) 
𝛼∗ = * 7a
&
(b()c5de)F &⁄
/ 𝛽                            (8) 
𝜎∗ = 	−453.6 ∗ 10j *@k@G
@G























𝛌 is the wavelength of Cu-Ka radiation, θ is the Bragg angle 
and β is the full width at half maximum (FWHM) of the most 
intense diffraction peak and co is the parameter obtained 
from the JCPDS card no: 65-3411 data card. All the 
calculated crystalline parameters of the deposited films are 
regrouped in Table 2.  
In Eqn (9), the negative sign corresponds to the compressive 
stress. The positive stress refers to tensile stress [35]. Total 
stress consists of internal stress which includes defects and 
impurities, and external stress resulted from the lattice 
mismatch between substrate and film. Table 2 exhibits that 
the obtained values of the stress of all the films are positive 
sign demonstrating that the thin films are in a state of tensile 
stress. D. Akcan et al. [35] had a similar observation	of the 
ZnO films synthesized by the sol-gel technique. 
The pure ZnO thin films exhibit the crystallite size of ∼ 
45.79 nm with FWHM of 0.202°, but TZO, MZO and AZO 
films exhibit smaller crystallite size of 32.69, 32.35 and 
22.89 nm with FWHM of 0.2828, 0.2858 and 0.4040°, 
respectively. The large FWHM values of TZO, MZO and 
AZO films, compared with pure ZnO nanostructures, might 
be attributed to an decrement in the degree of 
polycrystallinity of the films. Table 2 shows that the AZO 
films have the highest values of strain, dislocation density 
and stacking fault. 
Fig. 3 shows the influence of ZnO doping with TM (Sn, Mn 
and Al) elements on the crystallite size, texture coefficient, 
and the corresponding micro-strain as well as stacking fault. 
It also reveals that the incorporation of TM content in ZnO 
films results in a decrease in the crystallite size associated 
with an increase in the micro-strain and the stacking fault. 
The obtained value of crystallite size of pure ZnO is 
consistent with that obtained by [23]. In addition, the texture 
coefficient has a proportional relationship with the crystallite 
size and an inversely proportional relation with the structural 
defects. This results indicate that TM doping affects the 
structural properties of ZnO films.  
Table 1:	Summary of structural parameters of pure ZnO, TZO, MZO and AZO thin films. 
 
Samples Lattice  constants 
(Å) 




(0 0 2) 
Peak (2θ)° 










3.2283 5.1768 2.588 0.202 3.98 1.965 0.3796 
TZO 3.2520 5.1920 2.596 0.2828 3.92 1.977 0.3808 
MZO 3.2457 5.1958 2.597 0.2858 3.46 1.979 0.3801 
AZO 3.2400 5.1900 2.592 0.404 3.38 1.971 0.3799 
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3.2 Optical Properties  
Optical transmittance properties of the deposited films are 
measured using UV-Vis-NIR JASCO spectrophotometer in 
wavelength range 250-2500 nm. In Fig. 4, we have 
regrouped the transmittance and reflectance spectra of 
undoped ZnO and TM-doped ZnO thin films. The 
transmittance spectra of the films indicate a sharp absorption 
edge in the wavelength range 310-380 nm. The position of 
this edge changes with TM doping. All films exhibit a large 
transmittance in the order of 80% and reflectance less than 
12% in the Vis-NIR range. It shows that, the average 
transmittance increased from 75% for undoped ZnO films to 
85% with Sn doping in the visible range, while the 
reflectance decreased from 9% to 3%. Sn doping slightly 
enhances the transmittance of the ZnO films indicating good 
incorporation of the Sn dopant in the ZnO lattice structure. 
H. Aydin et al. [36] observed similar results of Sn doped ZnO 
films prepared by spray pyrolysis method. 
Thickness (d) of the deposited films was defined by the the 
spPS (seed preprocessing Pattern search) technique [27]. 
Thickness of the pure ZnO, TZO, MZO and AZO thin films 






































The optical band gap of the films is calculated by Tauc plot 
[26, 28]. According to Tauc plot as shown in Fig. 5, the band 
gap of pure ZnO, TZO, MZO films was 3, 3.25, 3.17 and 
3.08, respectively. The optical band gap increases with TM 
doping, reaching a maximum of about 3.25 eV for TZO 
films. This value is consistent with the values reported by 
Bedia et al. [23] for Sn doped ZnO thin films grown by spray 
pyrolysis method.  
The band gap enlargement with TM doping can be attributed 
to the Burstein Moss shift: the doping creates degenerate 
energy levels with band filling that causes the Fermi level to 
move above the conduction band gap edge. This 
phenomenon induces an increases in the band gap with 
doping concentration [23, 29]. 
The increase of the band gap can also be attributed to the 
decrease in the network disorder (Urbach energy) because of 










Fig. 3: the average crystallite size, texture coefficient (TC), micro-strain (ε) and Stacking fault (α*) of the pure ZnO, 
TZO, MZO and AZO thin films. 
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Fig 4: (A) Optical Transmission T, (B) Reflectance R spectra of pure ZnO, TZO, MZO and AZO Thin films. 
 
Fig 5: (A) absorption coefficient, (B) plot (αhυ)2 versus energy (E) of pure ZnO, TZO, MZO and AZO thin films. 
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The disorder is also known as band tail width or Urbach 
energy. It is often interpreted as the width of the tail of 
localized states in the band gap. The Urbach energy can be 
easily estimated from the slope of the plot of ln (α) as a 
function of photon energy using the following formula [30] 
 
𝛼 = 𝛼D	exp	(ℎ𝜐 𝐸t⁄ )                                     (10) 
 
𝛼D		is a constant and Eu denotes the Urbach energy. The 
obtained values are illustrated in Table 3. In Fig. 6, we have 
plotted the variation of the of Urbach energy together with 
optical band gap energy of the deposited films. It indicates, 
that the optical band gap variation is opposite to the disorder 
variation suggesting that the optical gap is controlled by the 
Urbach energy in the film network. The reduction of the 
urbach energy of ZnO films with TM doping could be 
attributed to the incorporation of TM atoms in ZnO structure. 
The potential barrier of grain boundary decreases because of 
the increase in carrier concentration caused by TM-doping. 
This rises the reduction in the resistivity of the ZnO:TM 
samples [24,31], which is also an evident from electrical 
measurements (see Table 4). The obtained value of urbach 
energy of pure ZnO thin films is consistent with that reported 
the pieces of in literature [39] of pure ZnO thin films 
prepared by spray pyrolysis method.  
The effective mass of the carriers (m*) at the Fermi level of 
the samples was estimated using the following relations [40] 
E = v +
&
wx&×	z∗





	                                                (12) 
E is the incident photon energy (hυ), h denotes the Planck 
constant, c is the speed of light, K* denotes the wave number, 
Ea is the absorption energy of the material and me denotesthe 
electron of masse (9.11 × 10 -31 Kg). The effective mass of 
the carriers (m*) of the samples was evaluated using the 
slope of the linear part of the variation of photo energy E as 
a function of square of the wave number K*2 of the films as 
shown in Fig 7. The calculated effective	 mass	 of	 the	
carriers	m* of the deposited films is presented in Table 3. 
The evaluated effective mass of the increased from 1.86 × 
10-31 Kg (0.204 me) for pure ZnO films to	a	maximum	value	
of	2.18 × 10-31 Kg (0.239 me) for AZO films.	The obtained 
effective mass values	are in agreement with the data reported 
by W. S. Baer [32] and M. Oshikiri et al. [33].The 
extrapolation of the linear portion of the plot onto the energy 
axis gives an optical band gap of the pure ZnO thin films as 
2.998 eV (see Fig 7), which is comparable with the value 
obtained from the optical absorption measurements 3 eV.  
The expected absorption capacity and photocurrent of the 
undoped and TM doped ZnO thin films were defined using 
the measured absorption coefficient data. The thickness-
dependent absorbed photon fraction and the photocurrent of 




 (13)                        
		𝐽(𝑑) = 𝑞 × ∫ 𝐹(𝜆)(1 − exp(−𝛼(𝜆)𝑑))	𝑑𝜆			(14)
~
)DD	dz   
 
  
𝛼(𝜆) is the wavelength-dependent optical absorption 
coefficient of the film, 𝐹(𝜆) denotes the AM1.5G photon 
flux, q is the electron charge and the wavelength		 
	𝜆 = ℎ𝑐/𝐸. 
Fig 8 (A and B) illustrates the variation of the photocurrent 
and the absorbed photon fraction against thin film thickness 
of the deposited thin films. In the present study, the average 
photocurrent and the absorbed photon fraction of the pure 
ZnO are approximately 32 (mA/cm2) and 0.98 for layer 
thickness greater than 1000 nm. However, they increase or 
decrease based on TM dopant type. Photocurrent and the 
absorbed photon fraction of the ZnO films increased 
gradually for AZO and MZO thin films and then decreased 
with Sn doping. Reduction in the photocurrent and the 
absorbed photon fraction of the TZO films compared to that 
of the undoped ZnO film can be correlated to the higher 
average transmittance of 85% in the visible range and the 
larger band gap 3.25 eV. Accordingly, the increase or 
decrease in the photocurrent and the absorbed photon 
fraction might be related to the compositional modifications 
due to the different TM dopants, which rise or reduce the 
optical quality of the films. 
 
In solar cell applications, figure of merit (ФTC) plays a 
resoluble role and it is a good proof to define the quality of 
transparent conducting films. In this application, the optical 
transmittance and electrical conductivity are required to be 
as high as possible. The interrelationship between 
transmission and conductivity is expressed by the figure of 






                                                    (15) 
 
Where T10 is the transmittance at λ=average of (200–2500 
nm) and Rsh is the sheet resistance. The figure of merit values 
calculated for pure ZnO, TZO, MZO and AZO thin films 
were equal in order of 3.23×10-8, 2.79×10-7, 7.62×10-9 and 
4.13×10-5 (Ω-1), respectively (Table 3). The value of figure 
of merit obtained for MZO thin film is very low because of 
the high value of sheet resistance (see Table 4). The figure 
of merit value obtained for AZO film is 4.13×10-5 (Ω-1), and 
it is consistent with the reported values in the piece of 
literature [38]. 
 
The refractive index of the semiconductor is a measure of its 
transparency to incident spectral radiation. The refractive 
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Fig. 6: Optical gap and Urbach’s energy of the pure ZnO, TZO, MZO and AZO thin films. 
 
Fig. 7: Photon energy E as a function of K 2 of pure ZnO thin films. 
 















































Equation y = a + b*x
Plot ?$OP:A=1
Weight No Weighting
Intercept 2,99857 ± 0,00782
Slope 5,85222E-15 ± 1,55054
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Fig. 8: (A) Photocurrent and (B) Absorbed photon fraction versus layer thickness of pure ZnO, TZO, MZO and AZO 
thin films. 
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Fig. 9: (A) refractive index n, (B) extinction coefficient of pure ZnO, TZO, MZO and AZO thin films. 
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Table 2: the results and determinations using XRD data of pure ZnO, TZO, MZO and AZO thin films. 
Samples Crystallite size 
(D) (nm) 
Dislocation 
Density( δ )  
(10-4 line/nm2) 
Strain          
(ε)  (10-4) 
Stacking fault (α*) 
(10−4 J /m2) 
Stress (σ*) 
(109  N/m2) 
Pure ZnO 45.79 4.76 8.41 9.22 2.49 
TZO 32.69 9.35 12 13 1.16 
MZO 32.35 9.55 12.02 13.05 0.83 
AZO 22.89 19 17 18 1.34 
 
Table 3: Optical parameters of pure ZnO, TZO, MZO and AZO thin films. 
 
Samples Eg    (eV) Eu    (eV) m* (Kg) m*/me ФTC  (Ω-1) 
Pure ZnO 3 0.73 1.86 × 10-31 0.204 3.23×10-8 
TZO 3.25 0.20 2.10 × 10-31 0.230 2.79×10-7 
MZO 3.17 0.21 1.90 × 10-31 0.209 7.62×10-9 
AZO 3.08 0.40 2.18 × 10-31 0.239 4.13×10-5 
 












Resistance (Rsh)  
(Ω/sq) 
Pure ZnO 1.92 × 10+2 3.32 -9.74 × 10+15 -6.40 × 10+2 9.63 × 10+6 
TZO 2.50 × 10+1 0.17 -2.49 × 10+18 -4.46  1.25 × 10+6 
MZO 2.20 × 10+2 1.73 -1.62 × 10+16 -3.83 × 10+2 2.20 × 10+7 
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+ 4 ( (!k )& − 𝑘
7                           (16) 
 
Where R is the reflectance at room temperature, λ is the 




Figs. 9 (A and B) presents the refractive index and extinction 
coefficient of the deposited thin films depending on 
wavelength range from 300 nm to 2500 nm, respectively. 
In the present study, the average n value of the deposited 
films is approximately 2.07 in the visible range, which is 
consistent with the reported results for the ZnO films [22]. 
However, the refractive index and the extinction coefficient 
for all samples reduce when the wavelength increase. This 
phenomenon is attributed to light scattering and absorbance 
reduction. The refractive index in Vis-NIR region of all films 
diminishes with TM doping, but the extinction coefficient 
decreases with Sn doping.  
 
3.3 Electrical Study 
 
The Hall Effect measurements of the pure ZnO, TZO, MZO 
and AZO thin films have been investigated at room 
temperature. Electrical resistivity, mobility, Bulk 
concentration, Hall coefficient and sheet resistance are 
shown in Table 4. The negative sign of the Hall coefficients 
observed for all the ZnO samples indicates that they are on 
n-type materials.	
High value of the resistivity was observed for undoped ZnO 
films of 1.92 10+2 Ωcm. The carrier concentration increased 
from 9.74 10+15 cm-3 for pure ZnO films and reached the 
maximum of 6.33 10+19 (cm−3) for AZO films. Then, it 
decreased to a value of 2.49 10+18 cm-3 for TZO films. In 
contrast the resistivity decreased with TM doping and 
reached a minimum of 1.79 10-1 Ωcm for AZO films. Then, 
it increased to 2.50 10+1 Ωcm for TZO films. The mobility 
values of the ZnO films decreased with TM doping because 
of the decrease in the crystallinity of the films.  
 
4 Conclusion 
 In this paper, we have analyzed the TM (Sn, Mn and Al) 
doping on some structural, optical and electrical properties 
of sprayed ZnO films. Undoped and TM doped ZnO 
nanocrystalline thin films were deposited on glass substrate 
by spray pyrolysis technique. The single hexagonal wurtzite 
phase with the preferentially oriented towards (002) 
direction for all the films was obtained. The optical band gap 
of the films increased with TM doping. The optical 
parameters such as transmittance (T), reflectance (R), the 
expected absorption capacity, photocurrent (jph) and figure 
of merit (ФTC) counted on the TM type. The refractive index 
(n) and extinction coefficient (k) values varied with TM 
doping. These observations suggested that one can define the 
right TM type which involves higher optical and electrical 
constants. The investigated electrical properties of TM-
doped ZnO thin films have demonstrated that TM doping 
improved the carrier concentration and resistivity of ZnO 
thin films. This result is very significant because a cost-
effective and simple spray pyrolysis technique has been used 
to prepare such doped oxides and to facilitate valorisation of 
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